We study the temperature dependent magnetic susceptibility of a strained graphene quantum dot by using the determinant quantum Monte Carlo method. Within the Hubbard model on a honeycomb lattice, our unbiased numerical results show that a relative small interaction U may lead to a edge ferromagnetic like behavior in the strained graphene quantum dot, and a possible room temperature transition is suggested. Around half filling, the ferromagnetic fluctuations at the zigzag edge is strengthened both markedly by the on-site Coulomb interaction and the strain, especially in low temperature region. The resultant strongly enhanced ferromagnetic like behavior may be important for the development of many applications.
Recently, graphene-based system has attracted extensive research [1] [2] [3] [4] [5] due to its potential application in nano electronic devices 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] 23 . The perfect graphene consists of a single layer of carbon atoms arranged in a honeycomb crystal lattice, and one of the most interesting aspects of the graphene problem is that its low-energy excitations are massless, chiral, Dirac fermions. In neutral graphene, the chemical potential crosses exactly the Dirac point, and the perfect graphene was first isolated in 2004 1 . Since its discovery, graphene research expanded quickly, and graphene-based system with different edge topology has been synthesised, which was suggested that the electronic properties of nano electronic devices based on this material are in a large part governed by their edge structure: zigzag or armchair. The sketch of different edges is shown in Fig. 1 . For a graphene nanoribbon, one can assume that the ribbon is infinite in one direction but finite in the perpendicular one. In this way one can produce graphene nanoribbons with either zigzag or armchair terminations 3 .
The possible magnetism is an important issue in graphene-based materials as it may facilitate the development of spintronics [9] [10] [11] [12] [13] [14] [15] [16] [17] . In general, spintronics 18 requires a semiconductor material with some type of magnetic property at (or above) room temperature 19 . In perfect graphene, it was suggested that the antiferromagnetic correlation dominates around half filling, and a ferromagnetic fluctuation may be dominated in a rather low filling region below the Van Hove singularity in the density of state 20 , which is far from the current experimental ability 21, 22 . The possible ferromagnetic order that was proposed to exist in graphene-based materials with defects, such as vacancies, topological defects, and hydrogen chemiadsorption, are all waiting for experimental confirmation [23] [24] [25] .
The graphene nanoribbons' magnetism has also attracted considerable attention, since it holds promises of many applications in the design of nanoscale magnetic and spintronics devices. It has been shown that the zigzag graphene nanoribbons exhibit a ferromagnetic correlation along the edge at half filling 26 , and the armchair graphene nanoribbons has a ferromagnetic fluctuations in doped region around the nearly flat band 27 . As in the case of short nanoribbons, evanescent waves were seen to play an important role in the electronic transport through graphene quantum dots 28 . The shape and symmetry of the dots also play an important role on energy level statistics and charge density 29, 30 . These properties, spur the interest in magnetism of graphene quantum dots. The possible ground state magnetization was suggested by the mean-filed results in strained graphene quantum dots 28 , which reveal that the magnetism can be enhanced as large as 100 percent for strain on the order of 20 percent. The mean field results show that the critical Hubbard interaction U c for bulk graphene (unstrained) is about 2.23t, where t is the nearest hoping term of the honeycomb lattice. This value of U c put the graphene-based system into a moderate correlated system, as U c is near to half bandwidth w, where w is about 6t
20 . For such a U c , the mean filed method may lead to unexpected results because the system is very sensitive to the approximation used. Moreover, the temperature dependent magnetic susceptibility plays a key role in understanding the behavior of magnetism.
In this paper, by using an unbiased numerical method, we study the temperature dependent magnetic susceptibility in strained graphene quantum dot. Strain is an active topic of experimental research in graphene-based materials, and some amount of strain can be induced either by deposition of oxide capping layers or by mechanical methods 28 . In the present work, we concentrate on the half-filled and low doped graphene quantum dot, which doping level could be easily realized in experiments 22 . Our numerical results reveal a high temperature ferromagnetic like behavior at the edge of a strained graphene quantum dot with a reasonable interaction, and such ferromagnetic correlation is enhanced by increasing whatever the strain or the interaction strength. Fig. 1 shows the basic sketch that we studied, which is a lattice with 8×13 sites, and we can change the size of lattice by changing the length along each edge. The sites at armchair edge has been marked by blue numbers and the sites at the zigzag edge has been marked by red numbers. The Hamitonian for such a stained graphene quantum dot could be expressed as
Here, a iσ (a † iσ ) annihilates (creates) electrons at site R i with spin σ (σ=↑, ↓) on sublattice A, as well as b iσ (b † iσ ) acting on electrons of sublattice B, n aiσ = a † iσ a iσ and n biσ = b † iσ b iσ . U is the on-site Hubbard interaction and µ is the chemical potential. On such honeycomb network, t η denotes the nearest hoping integrals. We consider the strain in the zigzag direction. The applied stress shall change the band structure of the materials as a consequence of the modification of interatomic distances, which in turn implies a change in the electronic-hopping parameters t η . The quantitative change in the hoppings upon stress was studied using ab initio methods, and we illustrate that in Fig. 1 . The lines in dark indicating hoping terms t 1 = t along the direction of stress, which do not change. The lines in red change their values as t 2,3 = t − ∆t according to the strength of stress ∆t.
The nearest-neighbor hopping energy t reported in the literature 3 ranges from 2.5 to 2.8 eV, and the value of the on-site repulsion U can be taken from the estimation in polyacetylene 3,31,32 (U ∼ = 6.0−16.93eV ). For such ranges of U and t, the the determinant quantum Monte Carlo (DQMC) simulation is a good tool to investigate the nature of magnetic property in the presence of moderate Coulomb interactions, especially to treat the band structure changes with respect to the finite transverse width and also the edge topology. In DQMC, the basic strategy is to express the partition function as a high-dimensional integral over a set of random auxiliary fields, and then the integral is accomplished by Monte Carlo techniques. In present simulations, 8000 sweeps were used to equilibrate the system, and an additional 30000 sweeps were then made, each of which generated a measurement. These measurements were split into ten bins which provide the basis of coarse-grain averages and errors were estimated based on standard deviations from the average. For more technique details, we refer to Refs. 33, 34 . To explore the behavior of magnetism in the graphene quantum dot, we calculate the uniform magnetic susceptibility χ for the bulk, the magnetic susceptibility χ a at the armchair edge and the magnetic susceptibility χ z at the zigzag edge. Here
where
We measure χ in unit of |t| −1 . The χ of the bulk is calculated by summing over all the sites. The χ a at the armchair edge is calculated by summing over the sites marked by red color numbers, and the χ z at the zigzag edge is calculated by summing over the sites marked by blue color numbers. An average for χ, χ a , or χ z are made corresponding to the total numbers of the sites, respectively.
We firstly present the temperature dependent χ, χ a and χ z at U = 3.0|t|, n = 1.0, and ∆t = 0.30t in Fig.  2 . To qualitatively estimate the behavior of temperature dependence of magnetic susceptibility, we plot the function of y = 1/x, as the Curie-Weiss law χ = C/(T − T c ) describes the magnetic susceptibility χ of a ferromagnetic behavior in the temperature region above the Curie point T c . It is interesting to see that the χ z (red circles) increases greatly as the temperature decreases, which shows a ferromagnetic-like behavior. The χ a decreases as the temperature decreases. As the χ z is much larger than the χ a , and hence, the bulk uniform magnetic susceptibility χ also increases as the temperature decreases, especially in low temperature region. Within our numerical results, we fit the DQMC data with a formula of P = a/(T − T c ) + b, as that shown (dashed lines) in Fig. 2 and then we extrapolate to obtain the transition temperature T c . The fitting agrees with the DQMC data reasonably well. From this fitting, one may estimate a T c of about ∼ 0.011t, which is roughly ∼ 320K.
To shed more light on the importance of strain, we present the temperature dependent χ z at different strain in Fig. 3 . It is clear seen that the χ z is enhanced greatly by the strain. The enhanced χ z by strain at half filling could be understood from the change of band structure according to strain.
For perfect bulk graphene, the Dirac point is located at half filling, and the density of state tends to vanish at this point, while for the graphene quantum dot, the strain shall enhance the density of state as it lift the degeneracies of energy at half filling. Due to the edge topology, the electrons at zigzag edge prefer the same spin while the electrons on the armchair prefer different spin directions. Consequently, the χ z shows a ferromagnetic like behavior and the χ a behaves like antiferromag- netic. The strain enhanced the electronic density, and then, enhanced the magnetic susceptibility, especially at the zigzag edge. This edge-state magnetism could be detected by scanning tunneling microscopy 26 . To learn more on the the physics scenario induced by Coulomb interaction U , we compute the χ z of a graphene quantum dot with 104 sites at different U in Fig. 4 . One can see that the χ z is enhanced markedly by U . The χ z at U = 0 behaves like the paramagnetic type, while as U > 1.0|t|, a ferromagnetic like behavior is shown for χ z . This indicates that the edge magnetism could be very promising realized in such a strained graphene quantum dot as the value of interaction strength is an idea value for graphene-based system.
Regarding results presented in Fig. 3 , we study the effect of strain up to fifty percent. In experiments, of course it is not easy to increase the value of strain as one want. As the ferromagnetic-like behavior is strongly dependent both on strain and U , it is important to estimate an optimal set of strain and U for the realization of ferromagnetic-like behavior in strained graphene quantum dot. In Fig. 5 , we plot the critical interaction U c as a function of strain. The U c decreases as the strain increases, and one may estimate an optimal set of parameters as U = 2.3|t| and ∆t = 0.20t, which maybe an ideal value for the experimental realization.
In Fig. 6 , we present χ z of a graphene quantum dot with 104 sites versus temperature at different electron fillings n . When the electron filling decreases away from the half filling, χ z decreases slightly at low temperature range, and the ferromagnetic like behavior may be destroied as the doping is larger than 10 percent.
In summary, we study the edge sate magnetism of a strained graphene quantum dot by using the determinant quantum Monte Carlo method. It is found that the magnetic susceptibility χ z at the zigzag edge increases as the temperature decreases, especially in low temperature region. The χ z is strengthened markedly by the on-site Coulomb interaction and is enhanced greatly by the strain, which shows a ferromagnetic like behavior for a relative small interaction with a proper value of strain. The resultant strongly enhanced ferromagnetic fluctuation in graphene quantum dot may facilitate the development of many applications.
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